Abstract-Modeling of gap-waveguide structures with single and multiple transmission lines is performed using spectral domain Green's functions approach. The approach is extended using even/odd mode analysis in order to also estimate the crosstalk levels between neighboring transmission lines. The results of this analysis are compared with the results of a commercial electromagnetic solver and with the measured results.
INTRODUCTION
Recently a new high frequency (above 30 GHz) transmission line technology based on the gap waveguide concept [1] has been introduced. Unlike classical hollow waveguides (usually produced from two pieces of metal) it needs no joints and is much simpler to manufacture in the frequency region of interest. Also, compared to microstrip technology, it needs no dielectric substrate and is therefore more acceptable for applications in space environment. The concept is based on the idea of using isotropic soft surface [2] to replace one plate of a parallel-plate waveguide in order to prevent all unwanted wave propagation inside the waveguide. The only propagating waves which are then allowed in such waveguide are along the inserted ridges or strips and have the form of quasi-TEM modes. This occurs because no surface waves are able to propagate inside this structure in the frequency bandgap formed by the interaction of the isotropic soft surface and the upper plate. Furthermore, no global parallel plate modes will be able to propagate if the parallel plate waveguide is made less then a quarter wavelength wide.
There exist three basic types of gap waveguides: microstrip, ridge and groove gap waveguides [3] . Extensive studies of this kind of transmission technology have been conducted using full-wave numerical solvers [4] , and different analytical methods [5] [6] . They have also been verified experimentally using microstrip lines [7] and ridges [8] . The characteristics of the stopbands for different periodic structures such as pins, corrugations and mushrooms have also been studied [9] , where the latter represents compact gap waveguide solution for use at low frequencies [10] . The gap waveguides can be used as a separate waveguide or transmission line technology, but it can also be used for packaging of normal coplanar waveguides and microstrip lines because it effectively suppresses cavity resonances [11] . However, since it is still a rather new technology the coupling mechanisms between multiple transmission lines haven't been studied thoroughly. This is nevertheless very important topic since the idea is also to design microwave circuits in gap waveguide technology that will require good prediction tools for coupling mechanisms.
In order to study the coupling mechanisms analytically we have implemented an approach based on spectral domain method. It is based on deriving the spectral-domain Green's functions for the considered structures using the suitable approximate boundary conditions to describe the periodic surface [5] , thus avoiding the time consuming Floquet mode analysis of the periodic surface.
II. ANALYSIS
The starting point of our analysis are the Green's functions for the parallel-plate geometry with one wall replaced by a periodic surface shown in Fig. 1 . If the periodic surface is approximated with a homogenized surface impedance as shown in [12] 
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Shown expressions are the magnetic field Green's functions found for the case of a z-directed electric current source placed below the upper plate. Similar expressions can be determined also for other source positions and polarizations.
The transmission line in the form of a ridge or a strip (the geometry of the problem with the ridge is shown in Fig. 1 ) is then introduced via an infinite transmission line current with propagation constant k eff . The transmission line current is approximated as a traveling wave current of the form
where k eff is the unknown propagation constant, y is the position at the ridge or strip, and ( ) y J x is an assumed expression for the transverse distribution of the longitudinal current across the ridge or strip. The simplest would be to assume that J y (x') is constant over the width of the strip or ridge, but better results will be obtained if the known singularities of the current at the sharp strip edges or 90q ridge wedges are included in J y (x'). The choice of the transverse distribution depends whether the considered case is of ridge or strip type geometry. By transforming J y (x') to the spectral domain and inserting it into the inverse transform for the y-directed electric field, it is possible to find the field on the ridge itself. Enforcing the boundary condition that the y component of the electric field is zero across the ridge (this boundary condition will be enforced in an averaged sense, by weighting the E y component with ( ') y J x transverse current distribution, which corresponds to Galerkin's method when applying method of moments), the following characteristic equation is finally obtained:
Here ) , ( (x) . From this equation it is possible to determine the propagation constant k eff of the ridge current, and thereafter the modal field of the 2D periodic type gap waveguide can be evaluated (the value of k eff is determined numerically, e.g. by applying bisection method).
The next step in the analysis is to introduce the second line and determine the coupling between them (Fig. 2) . Since this problem is essentially a transmission line theory problem, the most practical way of approaching it is through even-odd mode analysis approach [13] , [9] . The first line in Fig. 2 with the 
where P is the average power defined as the integral of the Poynting vector in the gap region
(12) Once the propagation constants are determined the crosstalk current (I 2 ) can be calculated using a rewritten form of (9) 
III. RESULTS
Using the described approaches we have analyzed the case of a single ridge/strip and the case where two lines are present and interact with each other.
Normalized y-directed H-field distribution at 10 GHz for a single ridge gap-waveguide based on a bed of nails surface is shown in Fig. 3 . Two current distributions have been considered here, 90q wedge (edge) distribution and strip current distribution, and compared to the numerical result obtained with CST Microwave Studio [14] . The analyzed structure has the permittivity of the dielectric slab H r = 4.0, the thickness of the bed-of-nails structure is 4.33 mm, the period of the metallic pins is 3.75 mm, and the diameter of the pins is 0.375 mm. The gap height is 3.5 mm and the field is calculated 1 mm above the ridge.
The agreement with the commercial solver is very good, and it can be clearly seen how the field is very tightly confined to the ridge and decays very rapidly when moving away from it. Figure 4 . also demonstrates that the field confinement is maintained even when moving away in the vertical direction from the ridge. Judging from these results it is reasonable to conclude that the cross-coupling between neighboring lines will be very low if these lines are wavelength or more apart. The results from the Figures 3 and 4 give the information about the decaying factor of S 21 parameter as a function of distance between the transmission lines. However, as the lines become longer the mutual interaction increases (see equation (13)), and that will play a significant role when these lines are closer to each other. For that reason it is important to have a model that can calculate the cross-coupling levels. Figure 4 . Lateral H y field distribution calculated using strip current approximation; height of the observation point above the ridge is the parameter (f = 10 GHz, y = 3O 0 ).
In order to be able to verify the analysis results we built a prototype of gap-waveguide structure with three transmission lines. The pins are square shaped, 10 mm high and 3.5 mm wide, with a period of 7 mm. Transmission lines were made as thin strip lines (10 mm wide) in order to allow modifications to the prototype. The spacing between the lines corresponds to two (28 mm) and three (35 mm) rows of pins. First the dispersion diagrams for this structure were calculated and measured. They are shown in Fig. 6 . There is a small discrepancy between the results of the spectral domain approach and the measured and CST results, however they indicate that a good estimate of the working region of the gap waveguide can be calculated using spectral approach. The discrepancy is due to the fact that the manufactured bed of nails surface had to have dimensions which do not satisfy the period limitations of the homogenization method used to obtain the surface impedance of the bed of nails [12] . Finally, the Fig. 7 . shows the results for the cross-coupling between two sets of transmission lines. The prediction of the cross-coupling level is obtained using the considered spectral domain approach and is compared with the measurements. It can be seen that the bed-of-nails structure (i.e. the pin surface) strongly attenuates the EM field (approximately 15 dB per period of bed-of-nails structure). Furthermore, the coupling level is much smaller for smaller values of waveguide height since the electromagnetic field in this case is more tightly confined to the transmission line. The measured results agree well with the developed spectral domain model.
IV. CONCLUSION
The spectral domain Green's functions approach for the analysis of gap-waveguide technology based transmission lines was presented. Based on this approach and on the even/odd analysis method it was possible to calculate the cross-coupling between neighboring transmission lines. The computed results were compared with the results obtained by general electromagnetic solver and with measured results, and they were found to be in a good agreement. Figure 7 . Cross coupling between the neighboring transmission lines as a function of their separation. The working frequency is f = 7.5 GHz, the transmission lines length is 15 cm and the gap height is the parameter.
